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GRFVmax ( Hubbard, Upadhyaya, Stover, 2012) but less is known about the characteristics of arena 32 surfaces that are often used for non-racing equestrian sports which involve a more diverse 33 range of athletic activities and hoof surface interaction patterns. In nearly all cases surfaces 34 used for equestrian sports are both highly non-linear and strain rate dependent. For instance, 35 the surface response when executing a canter pirouette in a dressage competition may be 36 quite different to a quick turn during the jump off of a show jumping competition. As the 37 load on the surface increases the typical riding surface increases in stiffness (Reiser et al., 38 2000) and, in general, the surface will also become stiffer as the load is applied at a higher 39 rate (Setterbo et al., 2012) . Since shear resistance of a surface is directly related to the 40 surface stiffness, the grip characteristics are also expected to change with load and loading 41 rate. Thus, there is a need to understand the responses of arena surfaces to both the speed and 42 magnitude of loading, as the stiffness and shear resistance of the surface will influence both 43 the horse's ability to perform and the risk of it receiving an injury. 44 45 Shear resistance relates to the frictional forces that are generated between the hoof and the 46 surface and to friction between the particles within the surface . Linear 47 across the surface . The OBST measures linear shear 109 resistance, but not rotational shear resistance, which may also vary (Nigg & Yeadon, 1987 ; 110 Setterbo, Yamaguchi, Hubbard, Upadhyaya, Stover, 2011). The drawback to using the OBST 111 to test arena surfaces is that it is designed to replicate the loads and speeds of a horse's 112 forelimb at the gallop , or when landing from a jump, but it is not well 113 suited to the lower strain rates associated with slow gaits and rotational movements, such as 114 the dressage canter pirouette. 115
116
In human sports an apparatus for measuring rotational traction and friction of turf sports 117 pitches was originally designed in 1975 (Canaway & Bell, 1986 ). The studded-boot 118 apparatus, known as a torque tester, is now the internationally accepted device used in a 119 number of sports to ensure safety and performance (Twomey, Otago, Ullah, Finch, 2011) . In 120 2010 a traction tester was adapted for use on equine surfaces by replacing the football studs 121 with a studded horse shoe (Blundell, Northrop, Owen, Lumsden, 2010) . This device was 122 used for comparison in the present study, however, the apparatus is not considered to be 123 representative of the way a horse lands or turns on a surface, due to the low mass, low 124 vertical drop height and the turning procedure used. Concerns also exist related to the 125 6 applicability of the test even for human athletes. In particular, significant variation was cadaver limbs attached to a drag apparatus instrumented with load cells (Clanton, Kobluk, 135 Robinson, Gordon, 1991) and more recently a track testing device that measured linear shear 136 resistance and a shear vane tester that measured shear stress and surface cohesion (Setterbo et 137 al., 2012) . The latter of these designs (Setterbo et al., 2012) has been used to make 138 measurements on dirt and synthetic racetracks, but both designs were reported to have 139 limitations in relation to replicating equine locomotion. Shear resistance on turf racetracks is 140 normally measured using a GoingStick (Caple, James, Bartlett, 2012), where a flat blade is 141 pushed into the surface and then rotated about its base to an angle of 45° to measure the force 142 needed to push and turn the blade . A linear relationship between shear 143 resistance using a GoingStick and peak torque resistance using a studded disk apparatus was 144 found on turf sport pitches (Caple et al., 2012) . This relationship has only been investigated 145 on turf surfaces which have a relatively homogeneous cross section that is necessary for the 146 health of the turf. This is usually not the case with racing surfaces (Mahaffey, Peterson, 147 McIlwraith, 2012) or with arena surfaces composed of fibre and sand (with or without the 148 addition of wax). In these surfaces a hard pan layer is set up under the shallow top surface 149 that supports the hoof during propulsion or landing. The non-homogeneity of these surfaces 150 makes them unsuitable for evaluation using a penetrometer type device such as the 151 GoingStick for measuring shear resistance. 152
153
An appropriate mechanical apparatus for measuring the rotational shear properties of equine 154 sport surfaces is not available. Current methods used in human biomechanics do not 155 adequately represent the hoof-surface interaction and current equine specific measurements 156 do not measure rotational shear. For this reason a new piece of equipment, named the Glen 157
Withy torque tester (GWTT), was designed that was capable of measuring rotational torque 158 whilst under a consistently applied quasi-static vertical load. The device is named after its7 designer which provides the potential for it to become a piece of standardised equipment in 160 the future. This study compares data from the GWTT with data from other equipment used 161 to test arena surfaces (OBST and traction tester) to assess its ability to provide distinct 162 information describing the equine arena surface response. In addition, by using different 163 pieces of equipment, that apply different loading rates, the effect of strain rate dependency on 164 shear resistance can be explored. The aims of the study were to use the GWTT for measuring 165 equine arena surfaces and to compare its results with those from the OBST and traction tester 166 within and between surfaces. Linear and rotational shear resistance may vary for the same 167 surface (Nigg & Yeadon, 1987) , and arena surfaces are reported to be strain rate dependant. It 168 was therefore hypothesised that any relationship between measurements from the OBST 169 compared to the GWTT and traction tester for the same surface, in particular measures of 170 rotational and longitudinal shear, would be non-linear and complex and would not be 171 expected to be well correlated. Also, even if a correlation between these devices was 172 observed on a particular surface it would not necessarily be applicable to other surfaces. 173
Therefore, the initial investigations using the GWTT and the other devices were performed 174 using two different types of surfaces. 175
176
Methods
177
The construction and measurements made by the traction tester and a first-generation OBST 178 have been previously described (Blundell et al., 2010; . In this work, we 179
give construction details of the GWTT, and describe the types of measurement that are made 180 by the traction tester, GWTT, and arena-surface modified OBST. The three devices are 181 shown in Fig. 1 The GWTT is an instrumented hoof design built into a support structure that can carry up to 186 100 kg mass and that has suitable attachments for a tractor or similar sized equipment to 187 move it easily. The support structure of the GWTT was based on a vertical central column 188
and horizontal cross member of 75 mm box section (see Figure 1 Berkshire, UK). Peak torque (Tmax), peak vertical displacement (Dmax) and mean vertical force 237 (GRFmean) were extracted from the digital data acquired using the device. 238 239
Traction Tester 240
The traction tester is a simple design that uses a steel rod attached to a circular, screw-on base 241 with a studded horseshoe on the underside of the base (Fig. 1 ). Three circular, 10 kg masses 242 each with a central hole are secured to the rod above the base. Two handles at the top of the 243 apparatus allow it to be lifted and dropped. The operator lifted the device to a height of 0.2 m 244 before releasing it, to allow the horseshoe to embed into the surface. Once the apparatus had 245 been dropped, a torque wrench was applied to the top of the rod and then was rotated until 246 shear failure of the surface occurred. The maximum value recorded (TmaxTT) on the torque 247 wrench prior to failure was tabulated for each trial. The same experienced researcher was 248 used throughout to reduce variability, consistent with general practice (Blundell et. al, 2010) . 249 250
Orono Biomechanical Surface Tester (OBST) 251
The operation of this apparatus has been described previously . angular potentiometer (see supplementary information), which will allow turning speed to be 446 taken into account in future work. This will also allow for a more detailed examination of 447 maximum torque and shear failure events using higher sampling frequencies. 448 449
Relationships between measurements 450
The relationship between the vertical displacement of the GWTT (Dmax) and slip measured 451 from the OBST suggests that more slip would be expected on a surface where the top layer 452 deforms more under an applied load. Greater deformation is usually associated with more 453 particle movement as a consequence of large pore spaces and less angularity in sand shape 454 (Bridge, Mahaffey, Peterson, 2014) . Moisture content, polymer binder and fibre content are 455 also relevant. The relationship was thought to be weak due to the viscoelastic nature of the 456 surfaces, particularly as the moisture content varied between surfaces and across locations. 457
The surface specific increase in Tmax with an increase in Dmax suggests that rotational torque 458 increases as the shoe is displaced further into the surface vertically, possibly due to increasing 459 forces from the surrounding substrate (Burn, 2006) . This contradicts the relationship found 460
between Dmax recorded with the GWTT and TmaxTT measured using the traction tester, which 461 suggests that surfaces with greater vertical deformation offer less traction. An explanation 462 16 may relate to the difference in function between the devices. The traction tester tended to be 463 pulled out from the surface, whereas the GWTT tended to "screw down" into the surface. 
Comparison of surface behaviour 484
Differences between the waxed and non-waxed surfaces were detected by the GWTT and the 485 OBST, but not the traction tester. However, only the GWTT was able to detect significant 486 differences between the surfaces in relation to shear resistance characteristics. 487
488
The significantly higher torsional resistance measurements and the significantly lower 489 displacement measurements for the waxed surface when compared with those for the non-490 waxed surface (all obtained using the GWTT), indicates that the waxed surface exhibits 491 greater shear resistance than the non-waxed surface. Although not significant, the reduction 492 in slip for the waxed surface also suggests that this surface has more grip. In baseball playing 493 surfaces with higher soil bulk density levels are associated with significantly increased linear 494 and rotational traction (Brosnan et al., 2009) , which is thought to be due to a higher soil bulk 495 density causing greater resistance to the movement of the athlete's studs through the profile 496 measurements of slip may be difficult to interpret alone. Using the horizontal force 515 measurements to determine slip appears to be more sensitive to changes in surface type for 516 the OBST, rather than considering horizontal forces alone. 517
518
When comparing the range of measurements taken from each surface it was also apparent 519 that greater variability was consistently found on the non-waxed surface. Wax is reported to 520 improve surface consistency by reducing the effects of moisture (Bridge, Peterson, 521 McIlwaith, 2012), which was relatively high in the non-waxed surface on the test date. In 522 addition, the fibre type and distribution through the surface may have influenced variability, 523 as longer fibres were evident in the non-waxed surface. 524 525 Using the GWTT it was also possible to calculate the coefficient of sliding friction, which 526 was found to be 0.40 ±0.06 on the waxed surface and 0.37 ±0.11on a non-waxed surface. surface because the inclusion of a permavoid system in the sub-base has previously been 541
shown to significantly reduce peak vertical force using the OBST . This 542 highlights the need to use the OBST for measurement of the complete surface in-situ, as 543 many of the current measurement equipments are not capable of detecting differences below 544 the surface that the horse will experience. 545 546
Conclusion
547
In this study the GWTT was shown to be the only equipment tested capable of identifying 548 and measuring the difference in shear resistance of a waxed surface compared with a non-549 waxed surface. This is an important consideration in equestrian sports for facilitating optimal 550 performance without compromising safety. Since the characteristics and performance of 551 arena surfaces are complex, it may be necessary to use more than one piece of equipment to 552 adequately characterise all the important functional properties. Based on the results presented 553 here data from the torque tester did not add significantly to the information provided by the 554 OBST and the GWTT. Future studies should carry out a more extensive evaluation of the 555 functional properties measured by the OBST and the GWTT to explore the complex 556 relationship between linear and rotational shear resistance under different loading conditions. 557 558 
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